D eep brain stimulation (DBS) surgery, a procedure widely used in Parkinson's disease (PD) treatment, involves the implantation of a quadripolar electrode, an extension cable, and an implantable pulse generator, 17 which electrically alter the pathophysiological activity of specific regions of the brain.
There are several reported nonmotor side effects that can result from DBS therapy in PD patients (targeting either the STN or the GPi) including varying degrees of cognitive changes and changes in mood, 14 symptoms of mania or hypomania, 15 depression, 15 and even suicide. 3 Postoperative symptoms of psychosis have also been reported in PD patients receiving DBS treatment. 9, 11, 18, 21 Although potential mechanisms of DBS-induced psychosis have been hypothesized, including the postoperative lesion effect and the vulnerability of limbic circuitry in the STN, 18 symptom incidence rate and clinical risk factors remain unknown.
Psychosis, characterized by the presence of hallucinations and delusions, has been studied in the general PD population, 6 with published prevalence rates ranging from 17% to 72%. 6 The wide variation in reported prevalence may be in part due to methodological differences in the use of various scales and questionnaires, such as the Unified Parkinson's Disease Rating Scale (UPDRS) or the Neuropsychiatric Inventory, to screen for specific symptoms of psychosis. 6 Despite these discrepancies, even the lower range of published values suggests that psychosis affects many PD patients. Although both PD itself 6 and antiparkinsonian medications 6, 8 are thought to contribute to symptoms, the relationship between psychosis in PD patients and DBS treatment has not yet been explored.
This retrospective study examined psychosis in a group of 173 PD patients, most of whom received DBS implants at Johns Hopkins Hospital between 1998 and 2011. To characterize the potential risk for patients of developing psychosis, a survival curve and incidence rates for psychosis were quantified and are presented here. Psychiatric evaluations, as determined by UPDRS II Thought Disorder (UPDRS II TD) scores, were also analyzed with respect to the time since the first DBS implant, age, PD duration, sex, stimulation parameters, and active contact depth.
methods patients
A retrospective chart review was performed utilizing medical records from a large tertiary care movement disorder practice. This retrospective study was approved by the Johns Hopkins Medicine Institutional Review Board. One hundred seventy-three patients who had received either unilateral or bilateral STN-DBS (97.1%) or GPi-DBS (1.7%) implants for idiopathic PD treatment between 1998 and 2011 were identified. An additional 1.2% of patients received both STN-DBS and GPi-DBS. These patients presented to a movement disorder practice that involved 3 separate neurosurgeons (in other words, we chose a time interval, and these were the subjects seen at that practice who were referred for and actually underwent DBS surgery). The movement disorder practice is a multidisciplinary practice in Maryland that manages patients with Parkinson's disease medically; it has in-house neuropsychology and physical therapy. This practice made the referral for DBS surgery, and it followed the subjects postoperatively for DBS optimization and further medical management. Electronic patient records at Johns Hopkins Hospital were also searched to determine any missing date, stimulation, or hospital information. The patient population was 25.4% female and 74.6% male, and the patients were evaluated by a multidisciplinary team consisting of neurologists, neuropsychologists, and neurosurgeons to assess their candidacy for the procedure. Approximately 53% of these patients had undergone surgery at Johns Hopkins Hospital, while the remaining patients received implants at various other institutions. Data recorded from patient charts included the specific stimulation settings and the UPDRS II TD scores, both at the clinic visit immediately prior to DBS implantation and at subsequent visits following the surgery.
Unified Parkinson's Disease Rating Scale II Thought disorder score
The UPDRS II TD score was used as the primary clinical indicator of psychosis in this study. This score is derived from the UPDRS assessment tool, which collectively evaluates the motor function and independence in activities of daily living of PD patients. 5 The UPDRS II TD score, which specifically monitors hallucinations and delusions, ranges from 0 to 4, with 0 corresponding to an absence of symptoms, 1 corresponding to intense dreaming, 2 corresponding to hallucinations with retained insight, 3 corresponding to more common hallucinations or delusions lacking insight and possibly interfering with daily activities, and 4 corresponding to persistent symptoms that render the patient unable to care for him or herself.
10 UPDRS II TD scores were recorded for each patient at routine follow-up and reprogramming visits to the movement disorder clinic following stimulator placement. Additionally, each patient's UPDRS II TD score from the clinic visit immediately prior to the first DBS implantation was used to describe a baseline psychological state.
UPDRS II TD scale-derived psychosis criteria were previously described in a study of the general PD patient population, in which psychosis was defined as a score of 2 or greater. 7 In the current study, psychosis was considered to have occurred in those patients in whom a preoperative UPDRS II TD score of 0 or 1 increased by at least 2 points.
The data suggest that, in many cases, psychotic symptoms were transient and, in fewer cases, the symptoms were more long-lived. However, due to the methodological limitations of using data from clinic visits occurring at highly variable rates from patient to patient, it is difficult to reliably quantify the duration of each case of psychotic symptoms. For many patients, UPDRS TD II scores indicated intermittent states of psychoses as defined in this study. For the purposes of this study, an incidence of psychosis was considered as the first instance of a qualifying UPDRS II TD score, regardless of the progression of scores at subsequent visits.
statistical Analysis
In addition to UPDRS II TD scores, we also retrieved surgery dates, clinic visit dates, and stimulation parameter settings (contacts in use and the polarity of each along with stimulation voltage, frequency, and pulse width) from records for each patient at follow-up and reprogramming visits. The data were compiled into a database and analyzed using Microsoft Excel and SAS Statistical Software.
Patients were excluded from all analyses if they had missing preoperative UPDRS II TD scores or scores that were 2 or greater (totaling 40 patients, as shown in Table  1 ). Additionally, patients were excluded if they were missing > 30% of reported follow-up UPDRS II TD scores prior to psychosis incidence for those who developed symptoms or, for patients without incident psychosis, missing > 30% of scores prior to the last clinic visit (6 total). These groups of patients were excluded due to the inability to characterize psychosis incidence without a baseline score, unreliable reporting of psychosis onset time, or unreliable estimate of psychosis incidence.
To examine the possible effects of stimulation characteristics on the development of psychosis, 2 separate comparisons were made between patients who developed psychosis (n = 35) and a control group of 35 selected patients who did not develop psychosis but matched the psychosis group in terms of sex composition, mean age at first device implantation, and mean age at visit of interest (either the incidence of psychosis or random visit). There were 26 males and 9 females in the control group, which had mean ages at first implantation and at the selected visit of 61.4 years and 65.4 years, respectively. There were 26 males and 9 females in the group with incident psychosis, which had mean ages at first implantation and at the visit of incidence of 63.1 years and 66.0 years, respectively.
Further protocol for each analysis in addition to handling time reference points and incomplete data are detailed in supplemental material (see Appendix for details).
All mean values are reported ± the SD unless otherwise noted. Proportions were compared using Fisher's exact test, while continuous variables were compared using unpaired t-tests for unequal variances utilizing the software previously described. All p values reported are 2 tailed.
results incident psychosis
From a total of 173 patients, 128 met the criteria to be included for calculation of incident psychosis. Using the previously described criteria, the incidence of psychosis for patients with baseline UPDRS II TD scores of 0 or 1 during the study period was found to be 28.1% (36/128) or 5.8 cases per 100 person-years from time of first implantation. There was an average of 5.0 ± 2.7 years of follow-up after the first DBS device placement in our patient sample.
For those patients whose baseline UPDRS II TD scores were 0 prior to surgery, the incidence of psychosis was found to be 29.4% (32/109) or 6.4 cases per 100 personyears. A smaller incidence rate (21.1% [4/19] or 3.4 cases per 100 person-years) was found for patients with preoperative UPDRS II TD scores of 1, but this difference was not statistically significant.
Year to year incidence rates for 1-5 years after first implantation were calculated for the 128 patients with baseline UPDRS II TD scores of 0 or 1 (excluding 3 patients with vague first implantation dates) ( Table 2) . No significant differences in rates during this period were found, which suggests that the risk of psychosis remains fairly constant throughout the first 5 years after implantation. Cumulative incidence rates for 1 to 5 years after first implant were also calculated ( Table 3) .
Kaplan-Meier survival analysis of the same 125 patients from the 1 to 5-year incidence rate sample was also carried out with respect to the development of psychosis. Survival probability, or the proportion of patients remaining without incident psychosis at a given year after the first implantation, dropped from approximately 0.93 at 1 year postimplantion to approximately 0.76 at 4 years postimplantion ( Fig. 1) .
Age, pd duration, and sex
Older age is thought to be associated with hallucinations in PD patients. 1, 6, 13 Ages at the time of first implantation were compared between patients who developed psychosis and those who did not develop psychosis. Results showed that patients who eventually developed psychosis during the study period (n = 35) were significantly older at the time of their first implantation (p < 0.007) than patients who did not develop symptoms (n = 90) (Fig. 2) .
These results were underscored by the finding that older patients at the time of first implantation were at progressively higher risk for developing postoperative symptoms of psychosis. Specifically, psychosis developed in 10.0% of those aged 34-49 years at first surgery, 25.0% of those aged 49-64 years, and 40.0% of those aged 64-79 years (Fig. 3, Table 4 ). The difference in proportion of psychosis incidences between the oldest and youngest groups was significant (p < 0.02).
Because evidence indicated advanced age as a potential risk factor for psychosis onset in these patients, time from first implantation to psychosis incidence was also compared among the same age groups. The results suggest that those patients who were older at the time of the first implantation who developed psychosis had symptoms manifest sooner after the first surgery than their younger counterparts. Notably, significant differences in years from first implantation to psychosis incidence existed between patients who were aged 49-64 years (n = 15, 3.7 ± 2.7 years) and 64-79 years (n = 18, 1.9 ± 1.7 years) at the time of first implantation (p < 0.04). (Fig. 3 , Table 4 ).
Mean patient age was also compared between both groups of patients at the time of the last follow-up visits. The comparison showed a significantly older mean age at the last follow-up visits in patients who developed psychosis (69.1 ± 7.8 years) than in patients who did not develop symptoms (62.6 ± 9.2 years) (p < 0.0002) (Table 5) . Therefore, both groups were not followed to comparably advanced ages. Mean age at time of psychosis incidence (in patients who developed psychosis) was compared with the mean age at the last recorded clinic visit (in patients who did not develop psychosis) to examine the extent of this age difference by focusing on age at psychosis onset. Despite a discrepancy, no significantly older age at psychosis incidence was found (Table 5) .
Longer duration of disease is also thought to be associated with psychosis in PD. 6, 20 Mean PD duration at time of the last follow-up visits was compared for both groups of patients to explore the possibility that more patients might have developed symptoms if they were followed up further into the disease course. Results showed that, on average, patients developing psychosis were followed up significantly longer into the disease course (17.5 ± 5.2 years) than patients without symptoms (14.4 ± 5.8 years) (p < 0.005) (Table 5) . Additionally, no significant difference was found in a comparison between the mean PD duration at symptom onset in patients developing symptoms (14.4 ± 4.9 years) and the mean PD duration at the last visit in patients not developing symptoms (14.4 ± 5.8 years) ( Table  5 ). Compared to the mean PD duration at symptom onset, the absence of a longer mean PD duration at last visit in patients without symptoms suggests that these patients may not have been followed up sufficiently long enough into the disease course to develop symptoms, and this supports our earlier age results. Together, these results suggest that patients lacking symptoms were not followed as long, either in age or into the disease course, as those who developed symptoms. Because of the discrepancy in age at time of first implantation between patients who developed psychosis and those who did not, the mean PD duration at time of first implantation was compared between these groups of patients as well. No significant differences were found (Table 5 ). This result suggests that older age may be a stronger risk factor than disease duration for psychosis after DBS implantation in PD patients.
Patient sex was also compared between the group of patients developing psychosis and the group of patients lacking symptoms: The former group was composed of 80.6% males (29/36), while the latter group was composed of 75.0% males (69/92) (data not shown). This difference was not significant and suggests that males and females are equally susceptible to psychosis incidence after implantation of a DBS device. As there is a higher incidence of PD in men than in women, the composition of the sample population was consistent with that observed across the general PD population. Patients who did not develop psychosis during the study period (n = 90) received their first implants at a mean age of 58.1 ± 8.9 years, whereas patients who eventually developed psychosis (n = 35) received their first implants at a mean age of 63.1 ± 9.2 years (*p < 0.007). Error bars indicate standard error of the mean, and the 2-tailed p value was determined using the 2-sample t-test for unequal variances.
stimulation parameters and contact depth DBS parameters, including frequency, voltage, and pulse width (or duration), were analyzed with respect to psychosis incidence using methods previously described. No significant differences in any of these parameters were found in comparisons between the matched control group and the group of affected patients (Tables 6 and 7) .
Active stimulation of the deepest electrode contact has been previously implicated in causing reversible adverse neuropsychiatric effects. 4 Proportions of deepest contacts actively being stimulated at the visit prior to the development of psychosis were also compared among these groups and also yielded no significant results (Fig. 4) .
discussion
This study found that patients receiving their first stimulator implant at an older age tended to develop symptoms more frequently than those receiving their first implant at younger ages. This alone suggests either that older patients at time of first implantation are more susceptible to psychosis or that there is an association, independent of the implant, between age and psychosis. The findings that older patients experienced symptoms sooner than younger patients suggests a relationship between older age and psychosis symptom onset similar to what has been reported previously. 1, 6, 13 Interestingly, patients with incident psychosis were followed up longer on average than those lacking symptoms.
The analysis of PD duration suggests that patients with incident psychosis and patients without incident psychosis were not followed up equally long into the disease course, .0% of those in the age groups ranging from 49 to 64 years (n = 60) and 64-79 years (n = 45), respectively, developed psychosis. The incidence difference between the youngest and oldest age group was statistically significant (*p < 0.02, 2-tailed p value obtained from Fisher's exact test). The black line shows that patients 34-49 years old at the time of receiving the first DBS implant who developed psychosis (n = 2) did so a mean of 4.8 ± 3.0 years after their first surgeries, while those in age groups ranging from 49 to 64 years (n = 15) and 64 to 79 years (n = 18) developed psychosis a mean of 3.7 ± 2.7 and 1.9 ± 1.7 years, respectively, after first implantation. Error bars indicate standard error of the mean. The difference between the two oldest groups was statistically significant (**p < 0.04, 2-tailed p value obtained from 2-sample t-test for unequal variances). Table 4 summarizes the results. just as they were not followed up to equally advanced ages. Therefore, it is possible that patients without psychosis might have developed psychosis had they been followed for longer, and the possibility exists that PD duration might play a key role in psychosis after DBS. According to a study by Yoritaka et al. of a cohort of 1453 PD patients, longer PD duration appears to correspond with increasing incidences of psychosis. 20 In fact, 33.8% of all PD patients in their cohort had developed psychosis by 12 years. 20 Psychosis was only present in 15.4% of patients followed up for at least 12 years after PD onset in the present study (data not shown). This comparatively lower incidence is encouraging, although Yoritaka et al. did not specify if any of their patients received DBS therapy. Still, a definitive conclusion associating PD duration and psychosis cannot be drawn from the data presented in the present study.
TABLE 4. Analysis of psychosis development and age at first implantation
A 12-year population-based study of psychosis in PD patients conducted by Forsaa et al. used similar methodology to ours and found a lifetime psychosis incidence rate of 41.9% in a total sample of 160 patients who lacked such symptoms in their history. 7 
Forsaa et al. only considered
patients with a baseline UPDRS II TD score of 0; the same subset of patients in the current study was found to have an incident psychosis rate of 29.6%. The discrepancy could be due to differing follow-up times or older patient ages, as mean follow-up time after the initiation of the Forsaa et al. study was not presented, and the patients in their study had a mean older age (75.7 years and 72.6 years at baseline for those who developed and those who did not develop psychosis, respectively) than the patients in this study (63.1 years and 58.1 years, respectively). Regardless, the incidence of psychosis in this study was less than the published incidence of psychosis in the general PD population as reported by Forsaa et al., and although they did not state whether any patients received DBS implants, this finding is promising in that it does not indicate any increased risk of psychosis for PD patients who underwent DBS implantation, a concern sparked by case reports of psychosis developing postoperatively. 9, 11, 18, 21 Of particular interest to this study was the group of 8 patients who developed symptoms within 1 year after DBS system implantation, a timeframe similar to that reported in previous case studies (Table 8) .
9,11,18,21 These patients represent 22.2% (8 of 36) of all patients who developed symptoms in the present study. Nonetheless, the incidence of psychosis in the 1st year after implantation was similar to that found in the 2nd, 3rd, 4th, and 5th years following placement of the DBS device. Taken together with evidence concerning patient age, PD duration, stimulation parameter, and active contact depth analysis, findings from this study suggest that DBS implantation and stimulation settings do not seem to be primarily responsible for the majority of psychoses occurring postoperatively.
study limitations
There are several limitations of this study. First, there are two main drawbacks to gauging PD onset by first diagnosis date or date of first symptom onset, which were the only available indicators in the present study: This methodology introduces an aspect of unreliability because di- * Means of point parameters in the visits immediately prior to psychosis incidence in patients developing changes and prior to selected visits in the matched control group were compared. No significant differences were found. * Mean weighted means for parameters in the 300 days leading up to incidence were compared to those in the 300 days leading up to the selected visits in the control group. No significant differences were found. † Average of the weighted means indicates the following: for each patient a weighted means was computed, and then the average value for each parameter was determined.
agnosis dates likely occurred at varying times after actual disease onset, and detection of initial symptoms by the patient can be subjective. 12 Another limitation is that we did not evaluate the effects of antiparkinsonian medications on psychosis onset, as these medications have been shown to influence psychosis in PD. 6, 8 Dopaminergic drugs used to treat motor symptoms of PD are associated with induction of psychosis, possibly through mediating imbalances in multiple neurotransmitter systems in the brain. 8 The main objective of this study, however, was primarily to examine incident psychosis after DBS in PD patients with respect to DBS implantation. Lastly, the UPDRS II TD scale used to monitor psychosis in this group of patients has been previously criticized for inadequately evaluating clinical areas of mentation, mood, and behavior.
10 Despite this, it is a commonly used metric for evaluating psychosis in PD 6 and, moreover, the score is a readily attainable metric that was routinely recorded at follow-up visits. Despite these limitations, this study has characterized the risk of psychosis developing up to 5 years after first DBS implantation, which was the mean follow-up period for patients in this study.
Future directions
Future work should seek to make further comparisons between incidence rates of psychosis in the non-DBS PD population and the DBS PD population, while implementing standardized methodology for psychosis screening and controlling for follow-up time, anti-PD medications, disease course, and age of PD patients. In doing so, the objective of determining the differences between psychosis developing in PD as a result of non-DBS factors will become more evident and more distinct from the factors influencing rare, abrupt psychosis described in case studies, which have attributed it to DBS treatment. 9, 11 As these cases of psychosis continue to develop in PD patients receiving DBS, there is need for a better understanding of the risk and etiology of these adverse symptoms.
conclusions
This study quantified the incidence of psychosis in PD patients after DBS implantation. Specifically, a lifetime incidence rate of 28.3% was found, with psychosis being defined as an increase of 2 or more points from a preoperative UPDRS II TD score of 0 or 1. Additional findings from this study provide evidence for the following: 1) the risk of psychosis remains fairly constant throughout the first 5 years after DBS device implantation, 2) patients older at the time of the first implantation are at a higher risk for developing psychosis, 3) patients receiving implants at older ages who develop psychosis do so sooner after the first implantation than those receiving implants at younger ages, 4) men and women are equally likely to develop symptoms, and 5) active stimulation contact depth and stimulation parameters in cases in which psychosis develops are not primary influences on the development of psychosis in the majority of cases.
Taken together, evidence suggests that a majority of psychoses occurring postoperatively are not directly due to DBS device implantation. This study also corroborates previous evidence linking hallucinations, the primary The breadth of novel findings in this study should be useful to clinicians assessing patient candidacy for the DBS procedure commonly used in the treatment of PD and to patients giving informed consent for the surgery.
Appendix methods
The time variable considered in this study was in relation to the patient's first implant. The first implant was used as a starting point for evaluation because, although many patients underwent bilateral DBS implantation in the same surgery (74/128 patients meeting inclusion criteria), others received bilateral implants in staged surgeries (33/128) or received unilateral implants (17/128). There were an additional 4 patients whose records were unclear as to whether the bilateral implants were placed in the same surgery or staged surgeries. Patients whose first implantation dates were unclear from patient records (9/128) were only included in analyses involving surgery dates if the actual date was narrowed down to a time span of less than 1 year (6/9). For these 6 patients with small windows of time that included the actual surgery date, the first date in the range was used as the working surgery date.
For PD duration analysis, the earliest indication of PD from the charts (either first symptoms date or diagnosis date) was considered as the starting point of PD for each patient. If only a month and/or year was reported and a distinct date was not found in the charts, the 1st day of the reported month and/or year was used as the working PD start date. For 5 patients, the indicated year of first symptoms was recorded. For 107 patients, the indicated year of diagnosis was recorded. For 10 patients, the month and year of diagnosis were both recorded. Specific dates of diagnoses were recorded for 4 patients, and the first possible day was used as the working PD start date for the 2 remaining patients who had 1) a 2-year span of possible dates and 2) a latest possible limit for the diagnosis date.
Total lifetime incidence rates for the development of psychosis were determined for 3 sets of patients. The first 2 sets were those patients with preoperative UPDRS II TD scores of 0 and 1, respectively, while the third set was a combination of the previous 2 sets. All further analyses were carried out using only the third and largest set of patients. For cumulative psychosis incidence rates over 1-5 years, only patients for whom data had been recorded for the length of time being analyzed were considered. For noncumulative year to year incidence rates, only the patients followed up throughout the entire year were considered, along with any who developed psychosis during that year but did not attend follow up to the completion of that year.
For comparisons of parameter points, the mean parameters from the visits immediately prior to psychosis incidence in the group of patients developing symptoms were compared to the mean parameters from the visits immediately prior to selected visits in the control group. The selected visits, 1 for each member in the control group, were only chosen if there were 300 days of fully reported data prior to the visits because the same visits were used for the 300-day weighted mean parameter comparison. For the 300-day weighted mean parameter comparison, the weighted means for each parameter in patients who developed symptoms were computed for a 300-day range immediately prior to psychosis incidence. A mean of these figures was compared to that from the weighted means accounting for the 300 days leading up to visits in the control group.
For the comparison of contact depths, the proportion of deepest contacts in use at the time of the visit immediately prior to psychosis incidence was compared to the proportion of deepest contacts in use prior to the control group of visits.
